The first spacecraft observations of the south residual polar cap of Mars were obtained by the Mariner 9 orbiter during the Martian southern summer season, 1971-1972. Analyses of Viking orbiter observations obtained 3 Mars years later have shown that residual carbon dioxide frost was present at the south polar cap in 1977. In this study, Mariner 9 infrared interferometer spectrometer spectra and television camera images are used in conjunction with multispectral thermal emission models to constrain the temperatures of dark bare ground and bright frost regions within the south residual cap. The results provide strong evidence that carbon dioxide frost was present throughout the summer season despite the fact that the residual frost deposits observed by Mariner 9 were less extensive than those observed by Viking. 
INTRODUCTION
Determining the nature of the Martian residual polar caps is fundamental to understanding the Mars climate system. Leighton and Murray [1966] proposed that the observed partial pressure of CO2 at the surface of Mars is regulated by permanent solid CO2 deposits at the poles. If permanent CO2 frost deposits exist, then the vapor pressures of these deposits determine the mass of the Martian atmosphere. Whether permanent CO2 frost deposits can exist on Mars depends on the annual polar heat balance and the total available mass of CO2 in the cap-atmosphere system. When permanent CO2 frost deposits are present, the mass of the summer season when the residual deposits were exposed. Wide-angle and narrow-angle Mariner 9 television camera images of the south residual cap obtained near the end of the summer season were interpreted by Murray et al. [1972] to be inconsistent with the presence of substantial CO2 frost because of the highly irregular and variegated appearance of the frost deposits at all observable spatial scales down to a minimum of about 150 m. Murray and Malin [1973] further speculated that a permanent CO2 deposit was instead located at the north polar cap, which might be favored by virtue of its somewhat lower altitude (and, therefore, somewhat higher equilibrium CO2 sublimation temperature). Furthermore, the Mariner 9 images showed the north residual cap to have thicker and more homogeneous frost deposits, which they felt were more consistent with the expected appearance of a major solid CO2 reservoir.
The Viking orbiter observations of the residual polar caps in 1976 and 1977 gave unexpected results. Infrared thermal mapper (IRTM) and Mars atmospheric water detector (MAWD) observations during northern summer proved that the north residual cap was composed of water ice and not CO2 frost [Kieffer et al., 1976a; Farmer et al., 1976] . The surface temperature of the north residual cap rose to 205 K, which is far in excess of---150 K, the maximum possible temperature of CO2 frost in solid-vapor equilibrium with CO2 gas in the Martian atmosphere. However, the IRTM observations of the south residual cap indicated that despite its irregular appearance, its surface temperatures did not rise during the summer season. In his analysis, Kieffer [1979] concluded that solid CO2 remained on the surface of the south residual cap throughout the summer season. The highlighted region on the cap is the area sampled by a Mariner 9 IRIS spectrum obtained on the same orbit.
receded to the same point approximately 17 days later than the Mariner 9 cap [James et al., 1979] . The residual cap observed at the end of the summer season by Viking exhibited greater frost coverage than did the residual cap observed in Mariner 9. Also, telescopic observations have been reported to show that the atmosphere of Mars contained significantly more water vapor during the late summer season of 1969 than during the years of Viking observations [Jakosky and Barker, 1984] . Jakosky and Barker have interpreted these observations as evidence that the CO2 frost at the south residual cap is completely sublimated during certain years and that the bulk of the bright deposits at the south residual cap are composed of water ice. Currently, the available observations point to the conclusion that the total mass of permanent, solid CO2 at the south residual cap is not sufficient to control the mass of the Martian atmosphere over climatic time scales. Fanale and Cannon [1979] have estimated that if the cap was uniformly covered with a 400-m-thick layer of CO2 frost, it could contain at most the equivalent of I present Martian atmospheric mass of solid CO2. If a residual water ice cap was exposed in 1969 [Jakosky and Barker, 1984] We now present the IRIS and imaging data sets and describe our data reduction and analysis procedures. . Geometry listings for the complete data base were searched, and spectra that included the south residual cap area were extracted from the main data base and examined. Spectra with favorable south polar viewing geometry were obtained during many orbits during the southern summer season (Ls -300ø-360ø). The most suitable spectra for this study were obtained on orbits 28, 58, 116, and 188. The IRIS Reduced Data Records contain IRIS footprints and associated geometry information for each spectrum at the midpoints of the 21-s integration periods. The locations of the IRIS footprints throughout the integration periods were determined by interpolating geometric information from adjacent spectra. This procedure was only valid if there were no time gaps between adjacent spectra and the scan platform was not in motion. These conditions were only satisfied for three spectra from orbit 28, two spectra from orbit 58, three spectra from orbit 116, and two spectra from orbit 188. Maps showing the footprints at the midpoints of these spectra are presented in Figure 5 . Geometry and ephemeris data at the midpoints of these spectra are presented in Table 1 . Figure 6 shows the Mariner 9 IRIS spectra selected for this study. Measured brightness temperatures are plotted as a The spectra of bare ground regions differ markedly from the spectra that include parts of the south polar cap. Spectra that do not include the cap show relatively featureless blackbody emission except near the strong 15-ix band of gaseous CO2. Spectra that do contain the south polar cap show a more complex spectral structure because of (1) the simultaneous presence of bright cold and dark warm emitting surfaces within the IRIS field of view, (2) the presence of warm emitting dust in the atmosphere overlying a colder surface, and (3) possible variations in the spectral emissivity of the surface. In this study we are primarily concerned with using the spectra to define the infrared emission from the surface.
The infrared emission from the surface is best determined in spectral "windows" where the Martian atmosphere is most transparent. The locations of these window regions are most apparent during orbit 28, when the dust opacity of the Martian atmosphere and the temperature contrast between surface and atmosphere were the highest observed. These spectra show broad dust emission features centered at 9 and 22 ix; a strong gaseous CO2 emission feature centered at 15 ix; and weaker water vapor rotational lines which are seen most easily at 33, 36, and 39 tx (see Figure 7) . Emission features at 11 and 12/x associated with the presence of water ice clouds are not apparent in the south polar spectra. For defining the surface emission, we have chosen wavelengths of 12 and 34/x as atmospheric windows.
We assume that the measured IRIS brightness temperatures at these wavelengths are equal to the surface emission.
The accuracy of the IRIS observations at 12 and 34 tt for defining the polar surface emission is determined by the absolute calibration of the IRIS instrument and the degree to which the surface emission at these wavelengths is contaminated by the polar atmosphere. Experience with the IRIS observations has shown its absolute calibration to be excellent . The question of atmospheric opacity can be dealt with by considering the observed spectral behavior near the window wavelengths.
Carbon dioxide gas and water vapor bands are relatively easy to identify in the spectra because the positions and shapes of these features can be predicted. IRIS mid-latitude spectra obtained under dust-free conditions show no discernible gas absorption at 12 ft. Furthermore, detailed calculations of Mars gas absorbances for nadir paths show transmission values in excess of 99% at 12 tt (D. Crisp, submitted to Journal of Geophysical Research, 1989). At 34 tt, gas absorption again appears to be unimportant. Line by line calculations for water vapor absorption under Martian conditions assuming 10 tt of precipitable water show a region with no significant opacity at 34 tt between the strong line centers at 33 and 34.5 ft.
The possibility that the chosen window wavelengths possess significant aerosol opacity can also be discounted to a large degree. The distinct minima in observed brightness temperatures observed at A = 12 tt in all the south polar cap spectra are most easily explained by sharply decreasing dust opacities at shorter wavelengths superposed on sharply increasing CO2 gas opacities at longer wavelengths. The fact that the positions of these minima stay constant in the spectra shown in Figure 6 despite changes in dust opacity, atmospheric temperature, and IRIS footprint location points strongly to the conclusion that both gas and aerosol opacities must be low at 12 ft. The unambiguous visibility of the water vapor rotational lines and of the relative flatness of the brightness temperature spectra beyond 30 rt is good evidence for the absence of significant aerosol opacity beyond 30 rt in the IRIS south polar spectra.
The above arguments indicate that the measured IRIS brightness temperatures at 12 and 34 rt are good measures of the surface emission at these wavelengths. It is also important to point out that since the polar atmosphere is generally warmer than the surface of the south polar cap, the net systematic effect of using the brightness temperatures at the top of the atmosphere as measures of surface emission will be to overestimate the actual surface emission. Since solid carbon dioxide must be present if measured brightness temperatures are lower than --•150 K, overestimating the surface emission tends to make them more difficult to identify.
MARINER 9 TELEVISION OBSERVATIONS
The Mariner 9 television subsystem consisted of two vidicon cameras: the wide-angle (A) camera, equipped with various filters, and the narrow-angle (B) camera [Cutts, 1974] . The cameras were bore-sighted on the scan platform along with the IRIS, the ultraviolet spectrometer, and the infrared radiometer. Wide-angle camera images are used for comparison with the IRIS data because their fields of view are large enough to include entire IRIS footprints. Some of the camera pointing information from the Supplementary Experimental Data Record (SEDR) used in processing the images in this study is presented in Table 2 .
The selected images were corrected for shading, linearized, and filtered to remove bit errors and reseaux using calibration software now available from the U.S. Geological Survey in Flagstaff, Arizona. Residual image correction was also performed on the orbit 116 image. Derived reflectances from images that were not corrected for residual image effects are approximately 5% too high. Geometric distortion, We have also assumed that the color of the surface of Mars is independent of phase angle, since such effects have not been accurately quantified. With these assumptions, measured orange filter or polarizing filter reflectances were converted to bolometric reflectances by multiplying them by a constant factor. For combined analysis with the IRIS observations the smeared footprints of the IRIS spectra described in the previous section were located within the images. To determine the exact regions sampled, the locations of the spectra were interpolated at nine points in time during the 21-s IRIS integration periods as shown in Figures 1 and 3 The albedos we report in the histograms are not estimates of actual surface albedo. In general, the reflectances of these regions are not isotropic, so the Lambert albedos we report will not necessarily be valid over a wide range of illumination and observing geometries. Also, scattering models show that one of the major effects of atmospheric dust is to decrease apparent surface albedo contrasts. Atmospheric dust tends to make bright surfaces appear darker, and dark surfaces appear brighter [Thorpe, 1979; Davies, 1979; Paige and Ingersoll, 1985] . Changes in the histogram albedos from one orbit to the next are therefore due to the combined effects of changes in atmospheric dust opacity and changes in surface reflectance properties. Despite the effects of atmospheric dust, the boundaries of frosted and unfrosted regions within the IRIS fields of view are clearly visible in the images used in this study. This is also evident in the histograms, which Determining the composition of the south residual cap from the Mariner 9 IRIS observations would be relatively easy if the field of view of the instrument consisted solely of CO2 frost or solely of water ice. In reality, the IRIS surface footprint was approximately the same size as the residual cap, which means that the observed surface emission was due to a combination of CO2 frost and/or water ice plus unfrosted bare ground. Furthermore, the high-resolution Mariner 9 images show that bare ground is mixed with bright condensate materials at a variety of scales that extend down at least 150 m, which is the limit of resolution of the available imagery. These complicating factors make the analysis of the Mariner 9 south residual cap observations a challenging problem.
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In this section we describe two methods for using the available observations to test for the presence of surface CO2 frost. We first describe a two-component model used by We have attempted to apply the three-wavelength method to south polar cap spectra from later in the mission, but the results were not reliable. Uniquely fitting a two-component model to a spectrum at three wavelengths requires hightemperature contrasts between Tho t and Tcold and high signal-to-noise ratios at all three wavelengths. The original IRIS team found it necessary to average six south polar spectra to obtain sufficiently high signal-to-noise ratios at A = 7.52/z to obtain an acceptable fit. Figure 6 shows that the IRIS brightness temperature spectra became progressively colder and "flatter" throughout the summer season. The cold brightness temperatures resulted in very low signalto-noise ratios at short wavelengths. The absence of highquality data at 7.52/z makes it impossible to uniquely fit the spectra at three wavelengths later in the mission. Our method for using the observations to constrain the unknown quantities can be illustrated by considering three test cases. In Table 3 we show three sets of values for fg, Tg, frigO, TH20, fco•, and Tco•. Case 1 assumes an IRIS field of view consisting of 40% bare ground and 60% CO2 frost. Case 2 assumes 40% bare ground and 60% water ice. Case 3 assumes 40% bare ground, 30% water ice, and 30% CO2 frost. The temperatures of the three components were chosen to roughly approximate those expected for orbit 116. Also shown in Table 3 
RESULTS
For our analysis we have selected the spectrum in each orbit that has the coldest brightness temperatures and the Table 4 . Actual total uncertainties in the surface emission at these two wavelengths are greater than those listed in Table 4 because of uncertainties in absolute calibration and atmospheric opacity. Although these additional sources of uncertainty are difficult to quantify precisely, the'discussions presented in section 2 of this paper indicate they are small. In the following analysis we will assume that the total uncertainties in the surface emission brightness temperatures at these two wavelengths are equal to the standard deviations shown in Table 4 plus an additional ___ 1 K for absolute calibration and atmospheric opacity. Upper and lower limits for the fractional bare ground coverage fg were determined for each of the selected IRIS spectra by examining the histograms shown in Figure 8 . The limits were determined by using histograms of regions within the same frame adjacent to the residual cap to determine the maximum albedo of unfrosted bare ground matedhal. All regions within the IRIS footprint with albedos greater than this maximum bare ground value were then classified as water ice and/or CO2 frost. Although our determinations of fg are not expected to be significantly affected by uncertainties in absolute calibration or dust opacity, they are affected by uncertainties in the positions of the IRIS footprints relative to the wide-angle camera images. Scan platform pointing knowledge errors of up to 0.1 ø of arc [Blasius, 1973] are present in both the IRIS and the imaging data sets. Since these data were generally not obtained at the same points in a given orbit, the locations of the IRIS footprints relative to the images could be in error by up to 0. 
DISCUSSION
Before discussing some of the larger implications of our results, we first consider aspects of our results that can be tested for internal consistency or by independent means. Our inferred upper limits for CO2 frost temperatures cannot be tested against other data, but they can be checked for consistency, since they were determined independently for each orbit. On orbit 116 our inferred upper limits for CO2 frost temperatures were only 137.5 K, which could imply A final possible explanation for our lower than expected inferred frost temperatures is that the bare ground regions within the IRIS fields of view may not be as thermally homogeneous as we have assumed in our three-component model. Although our analysis accounts for the possibility that the IRIS fields of view may contain dark hot bare ground regions mixed with bright cold frost regions at spatial scales beyond the resolution of the wide-angle camera images, it does not account for the possibility that some of the dark regions may be significantly cooler than others. The seasonal thermal histories of bare ground and water ice regions within the residual cap area are influenced by a number of factors, including date of exposure, insolation, albedo, local topography, bulk thermal properties, and thermal exposure to adjacent CO2 frost deposits. If mixed at sufficiently small spatial scales, horizontal heat transfer between bare ground and CO2 frost deposits could have a significant cooling effect on bare ground materials, particularly toward the end of the summer season when polar insolation is reduced and high solar zenith angles could permit shadowing. We have investigated the impact of the possible presence of dark cold material on our results by repeating our analysis assuming that the IRIS fields of view contained less hot bare ground material than the histograms would indicate. We find that decreasing our assumed lower limits for fg has the effect of raising calculated upper limits for Tco2. For example, if we The key question of how much excess CO2 is present at the south residual cap hinges almost entirely on the water vapor observations of 1969. If the residual CO2 frost deposits did completely sublimate [Jakosky and Barker, 1984] , then the present mass of solid CO2 at the south residual cap must be insignificant. Since the partitioning of available CO2 between atmosphere and polar caps is likely to be extremely sensitive to changes in polar insolation caused by largeamplitude variations in Mars' orbital and axial elements, the apparent current absence of a significant solid CO2 reservoir deserves explanation. Measurements of annual radiation budgets for the core regions of the residual polar caps from Viking observations have shown that CO2 frost is stable at the south residual cap, but not at the north residual cap, because annually averaged albedos of seasonal frost deposits in the south are higher [Paige and Ingersoll, 1985] . These south polar cap albedos appear to be high enough to maintain the deposits at annually averaged temperatures that are consistent with the notion that the vapor pressures of these deposits are determining the present partial pressure of CO2 in the entire Martian atmosphere, just as predicted by the original Leighton and Murray [1966] model. Therefore if the excess residual CO2 frost did in fact disappear in 1969, then the current absence of a significant solid CO2 frost reservoir on Mars is purely coincidental, or there are as yet undefined feedback processes involving the polar caps, atmosphere, and buried C02 reservoirs that maintain the mass of Martian residual C02 frost deposits at near-zero levels.
